Introduction
============

Traumatic brain injury (TBI) is a serious public health problem, which has high mortality and disability rate. TBI can bring serious health and economic burden to society and individuals.[@b1-dddt-12-3847] After primary brain injury occurs, it is followed by a secondary brain injury cascade.[@b2-dddt-12-3847] Research has shown that secondary brain injury has become a major factor that affects the prognosis and outcome of the TBI patients.[@b3-dddt-12-3847] Secondary brain edema is considered to be an initiating factor in secondary brain injury.[@b4-dddt-12-3847] Therefore, early diagnosis and finding out of the mechanism of cerebral edema after TBI can provide new theoretical basis for treatment of TBI. Recently, with the rapid development of imaging techniques, in comparison with conventional MRI, functional MRI (fMRI) has been shown to provide, in addition to the morphology information, metabolism and physiological functional information in TBI.[@b5-dddt-12-3847] Diffuse-weighted imaging (DWI) can show water molecule movement noninvasively at cell level. Apparent diffusion coefficient (ADC) is used to represent the range and velocity of the diffusion movement of water molecules in different directions in DWI. Studies have showed that ADC can represent brain edema after TBI.[@b6-dddt-12-3847]

Notch signaling pathway is involved in many physiological and pathological processes. Notch signaling pathway is a conservative pathway which participates in the development of multiple organ systems, including angiogenesis, nerve regeneration, and hematopoietic cascade.[@b7-dddt-12-3847] Research has shown that γ-secretase complex and Notch1 are involved in some neurodegenerative diseases, such as Alzheimer's disease and ischemic stroke.[@b8-dddt-12-3847] Notch signal pathway inhibitor can inhibit apoptosis and inflammation-mediated ischemic brain injury.[@b9-dddt-12-3847] In our previous studies, we found that Notch inhibitor DAPT can improve the neural function of severe TBI (unpublished). Here, Notch signal with brain edema and the mechanism after TBI is discussed.

In this study, we used fMRI test the cerebral blood flow (CBF) and ADC values in the areas surrounding severe TBI, through the ADC values to judge the brain edema after TBI, to explore the possible mechanism of the Notch signaling pathway in TBI, and thus provide a new theoretical basis for the treatment of cerebral edema after TBI.

Materials and methods
=====================

Animals
-------

The animals were 250--300 g SPF-grade Sprague Dawley rats purchased from Animal Center of Wuhan University (Wuhan, People's Republic of China). The animal experiment was approved by the Animal Experiment Center and ethics committee of Zhongnan Hospital of Wuhan University and followed the National Institutes of Health Guide for the Care and Use of Laboratory Animals. DAPT (MCE, Bridgewater, NJ, USA) solution (1 µg/µL) was prepared by dissolving DAPT powder in 0.01 M PBS containing 5% dimethyl sulfoxide. The solution was filtered and stereotactically injected into the right cerebral ventricle using the following coordinates: −0.8 mm anteroposterior, ±1.6 mm mediolateral, and −4.0 mm dorsoventral from the bregma. Control rats received the injection of PBS instead of DAPT in the same way.

Animal model
------------

Animal models with different degrees of TBI were prepared as described previously.[@b10-dddt-12-3847] Briefly, the rats received intraperitoneal injection of 1% pentobarbital at a dose of 30 mg/kg. After the success of the anesthesia, rats were fixed on the brain stereotaxic device to cut the top of the skull skin to determine the bregma. Then a 5 mm diameter bone window was drilled, and dura mater was exposed. A 40 g hammer fell at 25 cm vertically along the outer tube leading to moderate or severe TBI. The control group received no brain damage. Half an hour after injury, DAPT (0.03 mg/kg BW), DPI (0.25 mg/kg), or PBS was injected into lateral ventricle, followed by the closing of bone window. Experimental grouping was as follows: control group (n=10), severe TBI (n=10), severe TBI + PBS (n=10), severe TBI + DAPT (n=10), and severe TBI + DPI (n=10).

Neurological function
---------------------

The neurological function of the rats was evaluated using modified Neurological Severity Scores (NSS) as described previously.[@b11-dddt-12-3847]

MRI methods
-----------

MRI studies were performed on a 7.0 T magnet (Bruker, PharmaScan, Karlsruhe, Germany), equipped with an actively shielded gradient system (14 cm inner diameter). A surface coil (2.3×1.5 cm) was used for brain imaging. Rats were anesthetized using facemask inhalation of 1.8% isoflurane by isoflurane anesthesia system (JD Medical Dist. Co. Inc., Phoenix, AZ, USA). CBF images were obtained from continuous arterial spin labeling recovery (echo-planar fluid-attenuated inversion recovery) sequences. CBF images were reconstructed with Para Vision version 5.1 software (Bruker, PharmaScan), acquisition parameters were FV = 40×40 mm, TR =18,000 ms, TE =26 ms, matrix size =128×128, and the number of excitations =1.

Multislice coronal spin-echo DWI were acquired with an echo planar diffusion-trace MRI sequence (matrix size =128×128, TR =7,100 ms, TE =22 ms, FOV =33×33 mm^2^). DWI images were reconstructed with Para Vision version 5.1 software (Bruker, PharmaScan).

Western blot analysis
---------------------

Total protein was isolated from brain tissues and quantitated by BSA method. Thirty microgram protein was separated on 10% SDS-PAGE and transferred to PVDF membranes (Millipore, Billerica, MA, USA). Next, the membranes were incubated at 4°C overnight with the following primary antibodies: GAPDH (1: 1,000 dilution), Notch1 (1: 1,000 dilution), Hes1 (1:800 dilution), Hes5 (1:500 dilution), and NOX2 (1: 1,000 dilution) (all from Proteintech Inc., Rosemont, IL, USA). The membranes were washed with TBST three times, then incubated with HRP-labeled goat anti-rabbit secondary antibody (Boster Biotech., Wuhan, People's Republic of China) for 1 hour at room temperature. The membranes were developed using ECL kit (Pierce, Rockford, IL, USA) and exposed to X-ray film.

ROS detection
-------------

ROS Assay Kit is the most commonly used method for quantitative detection of reactive oxygen ROS levels in cells based on fluorescence dye dichlorodihydrofluorescein diacetate (DCFH-DA). DCFH-DA itself has no fluorescence and can pass freely across the cell membrane. After entering the cell, dichlorofluorescin (DCFH) can be hydrolyzed by esterase in the cell. DCFH does not penetrate cell membranes, so probes can easily accumulate in cells. The reactive oxygen in the cell can oxidize fluorescence-free DCFH to produce fluorescent DCF. The intensity of green fluorescence is proportional to the level of ROS. At maximum excitation wavelength of 480 nm, the maximum emission wavelength of 525 nm, using a fluorescence microscope, flow cytometry and laser confocal microscope detection such as fluorescent signal, according to the positive control Rosup fluorescent signals to analyze the real level of ROS.

Measurement of total ROS, including hydrogen peroxide, nitric oxide, peroxyl radical, and peroxynitrite anion, were assessed. Total ROS were detected using a commercial ROS Assay Kit (E003, Nanjing Jiancheng Bioengineering Institute, Nanjing, People's Republic of China). Assay was performed in accordance with the manufacturer's instructions.

Statistical analysis
--------------------

Data were expressed as number, percentage or mean ± SD. Statistical analysis was performed and graphs were created using GraphPad Prism 7 (Graph Pad Software, La Jolla, CA, USA). Statistical differences between groups were determined using one-way ANOVA followed by Student's *t*-test. A two-tailed *P*-value \<0.05 was considered statistically significant.

Results
=======

Evaluating the effects of TBI on ADC and CBF
--------------------------------------------

To evaluate the effects of TBI on CBF, animals were prepared for fMRI 24 hours after injury. We found that the DWI signal ([Figure 1A](#f1-dddt-12-3847){ref-type="fig"}), the values of ADC ([Figure 1B and D](#f1-dddt-12-3847){ref-type="fig"}, *P*\<0.01), and the values of CBF ([Figure 1C and E](#f1-dddt-12-3847){ref-type="fig"}, *P*\<0.01) were increased in severe TBI animals compared to controls. Importantly, a "luxury perfusion" phenomena was observed in this study. Treatments with DAPT for severe TBI animals resulted in decreased ADC ([Figure 1D](#f1-dddt-12-3847){ref-type="fig"}, *P*\<0.05), but no effect on CBF.

Acute TBI decreased neurological function; DAPT and DPI attenuated neurological function
----------------------------------------------------------------------------------------

The NSS of each animal was calculated. Our results showed that the values of NSS were significantly higher in severe TBI animals than normal controls ([Figure 2](#f2-dddt-12-3847){ref-type="fig"}, *P*\<0.01). The NSS in severe TBI and severe TBI + vehicle groups were significantly higher than that in the DPI and DAPT groups ([Figure 2](#f2-dddt-12-3847){ref-type="fig"}, *P*\<0.05, respectively), which indicated that both DPI and DAPT attenuated neurological function in severe TBI animals.

Notch signaling and NOX2 were upregulated in severe TBI; DAPT downregulated Notch signaling and NOX2; DPI downregulated NOX2
----------------------------------------------------------------------------------------------------------------------------

Western blot assay showed that severe TBI increased NICD ([Figure 3](#f3-dddt-12-3847){ref-type="fig"}, *P*\<0.01), Hes1 ([Figure 3](#f3-dddt-12-3847){ref-type="fig"}, *P*\<0.01), Hes5 ([Figure 3](#f3-dddt-12-3847){ref-type="fig"}, *P*\<0.01), and NOX2 ([Figure 3](#f3-dddt-12-3847){ref-type="fig"}, *P*\<0.01) expression at the protein level. DAPT treatment resulted in significant inhibition on NICD ([Figure 3](#f3-dddt-12-3847){ref-type="fig"}, *P*\<0.01), Hes1 ([Figure 3](#f3-dddt-12-3847){ref-type="fig"}, *P*\<0.05), Hes5 ([Figure 3](#f3-dddt-12-3847){ref-type="fig"}, *P*\<0.05), and NOX2 ([Figure 3](#f3-dddt-12-3847){ref-type="fig"}, *P*\<0.01) expression. Also, DPI treatment decreased NOX2 expression [Figure 3](#f3-dddt-12-3847){ref-type="fig"} (*P*\<0.01).

Severe TBI induced oxidative stress in brain
--------------------------------------------

We measured total ROS in brain tissue. Our results showed that ROS levels in the severe TBI group were significantly higher than that in the control group ([Figure 4](#f4-dddt-12-3847){ref-type="fig"}, *P*\<0.001). After administration of DPI, ROS levels were significantly lower than in the severe TBI group ([Figure 4](#f4-dddt-12-3847){ref-type="fig"}, *P*\<0.001) and the severe TBI + vehicle group ([Figure 4](#f4-dddt-12-3847){ref-type="fig"}, *P*\<0.001).

Discussion
==========

In our paper, we used fMRI to detect the whole-brain CBF and ADC values and the DWI signal ([Figure 1A](#f1-dddt-12-3847){ref-type="fig"}) after severe TBI and found that after 24 hours of TBI, whole-brain CBF was significantly higher, presented with the "luxury perfusion" status ([Figure 1C and E](#f1-dddt-12-3847){ref-type="fig"}), had higher ADC values ([Figure 1B and D](#f1-dddt-12-3847){ref-type="fig"}), and higher DWI signal ([Figure 1A](#f1-dddt-12-3847){ref-type="fig"}). Luxury perfusion is considered to be one of the most important pathologic mechanisms of acute brain injury, especially in stroke and acute surgery, and also in TBI. In both human and animal studies, luxury perfusion was observed.[@b12-dddt-12-3847] In the study by Mario et al,[@b13-dddt-12-3847] patients with severe craniocerebral trauma were shown to have CBF reaching its peak at 24 hours after the onset of brain injury. This is consistent with our research on animal experiments. Langfitt et al[@b14-dddt-12-3847] considered luxury perfusion as brain blood vessel movement paralysis, caused by cerebral vascular expansion and increased blood flow to the brain, and recent research has shown that this is due to acute cerebral vascular expansion after brain damage.[@b15-dddt-12-3847] Lassen[@b16-dddt-12-3847] considered luxury perfusion to be associated with acute metabolic acidosis in brain. In our study, Notch signaling inhibitor DAPT could not change the luxury perfusion status; the reason for this may be that DAPT cannot attenuate the brain metabolic acidosis after TBI. The cerebral edema after TBI is the most difficult problem in clinical treatment, including vasogenic brain edema and cytotoxic cerebral edema, both of which generally coexist, in different periods of pathology and one of the edema types predominated.[@b17-dddt-12-3847] Vasogenic cerebral edema refers to the change in the blood--brain barrier that leads to transient increase in water movement from intravascular into the extracellular space; cytotoxic cerebral edema refers to changes in the osmotic pressure of cells inside and outside, thus making water from outside the cell move into the cell.[@b18-dddt-12-3847] In cytotoxic cerebral edema, the total water content of the tissue is not increased, the dispersion of water molecules is limited, and the DWI signal is increased. Vascular cerebral edema is further aggravated by cytotoxic edema, further restricting water molecule dispersion, and leading to more obvious increase in DWI signal. In this study, the DWI signal of severe TBI increased obviously ([Figure 1A](#f1-dddt-12-3847){ref-type="fig"}), indicating severe cerebral edema had occurred.

ADC values can distinguish between vasogenic cerebral edema and cytotoxic cerebral edema. A high ADC value was found in vascular cerebral edema, and cytotoxic cerebral edema indicated ADC drop.[@b19-dddt-12-3847] In this study, a high ADC was also found 24 hours after the brain injury ([Figure 1B and D](#f1-dddt-12-3847){ref-type="fig"}), indicating that the vasogenic cerebral edema was the main cause. Vasogenic cerebral edema is associated with the loss of the function cerebral autoregulation and blood--brain barrier damage,[@b20-dddt-12-3847] while cytotoxic brain edema is associated with brain tissue cell energy ion pump failure, leading to brain swelling and rupture, thus leading to the decrease of cerebral blood volume.[@b21-dddt-12-3847] This study found that high ADC values at 24 hours after brain injury, suggestive of vasogenic cerebral edema, and cerebral autoregulation function was lost, accompanied by high cerebral brain flow, which may explain the luxury perfusion status observed in this study. In this study, the advantages of fMRI were used to determine the type of cerebral edema in combination with ADC and CBF, so as to provide an irreplaceable role for further study of cerebral edema mechanism and treatment.

After TBI, free radical production increases and oxidative stress level increases. The free radical damage caused by oxidative stress is one of the main pathologic mechanisms.[@b22-dddt-12-3847] The generation and injury caused by free radicals, the stress effect, is involved in the occurrence of secondary cerebral edema after TBI.[@b23-dddt-12-3847] Studies have shown that oxygen free radicals caused brain tissue slice moisture content to increase.[@b24-dddt-12-3847] Therefore, after TBI, inhibiting the free radical generation caused by oxidative stress can improve the occurrence of secondary cerebral edema. Oxidative stress refers to the loss of balance between the formation of ROS and the antioxidant capacity to prevent reactive oxygen injury. Brain tissue is sensitive to oxidative stress due to its high oxidative metabolic rate and high production of ROS. NADPH oxidase is one of the main sources of ROS production. Studies have shown that NADPH oxidase and its derived ROS are present in many organs and tissues. NADPH exists in many subtypes, and NOX2 exists in a variety of cell types, including endothelial cells, fibroblasts, immune cells, and nerve cells. Studies have shown that NOX2 plays a major role in cerebral ischemia reperfusion, which is the main source of ROS production.[@b25-dddt-12-3847] NOX2 participated in the early brain injury caused after subarachnoid; in TBI, NOX2 participated in the activation of the inflammasome and participated in the pathological process of brain trauma.[@b26-dddt-12-3847] In this study, we found that NOX2 was activated in 24 hours after severe brain injury ([Figure 3](#f3-dddt-12-3847){ref-type="fig"}), and ROS levels increased ([Figure 4](#f4-dddt-12-3847){ref-type="fig"}); inhibition of NOX2 led to ROS decline ([Figure 4](#f4-dddt-12-3847){ref-type="fig"}), suggesting that in 24 hours after severe brain injury, NOX2 is the main source of ROS in central nervous system.

Notch signaling pathway is highly conserved during evolution and plays an important role in cell differentiation, proliferation, apoptosis, synaptic plasticity, and cell survival.[@b27-dddt-12-3847] Notch receptors and Notch ligand binding trigger signal transduction. The Notch receptor and the ligand interactions lead to γ-secretase complex catalyzing and cracking Notch receptor protein in the transmembrane cell region, making NICD to be released from the inside of the cell membrane. NICD, released directly into the nucleus, interacts with transcription factors RBP-J, making it a transcription activation factor, inducing the expression of downstream target genes such as Hes.[@b28-dddt-12-3847] It can be seen that γ-secretase is a key enzyme in the Notch pathway, which directly affects the activation of the pathway. Moreover, DAPT, a suppressor of γ-secretase, specifically inhibits the activation of Notch signaling pathway and downstream target genes. Notch receptor-mediated signaling pathway plays an important role in nervous system development, and previous studies have found that Notch signaling is involved in the occurrence of some neurodegenerative diseases, such as Alzheimer's disease and ischemic stroke.[@b29-dddt-12-3847] Our preliminary results suggest that Notch signal inhibitor DAPT can improve the behavioral function of TBI.[@b30-dddt-12-3847] In this study, Notch inhibitors were shown to decrease ADC value in rats with severe brain injury, indicating that Notch inhibitors can attenuate the vasogenic cerebral edema of severe TBI. Studies have shown that Notch signaling pathway may be involved in the functional maintenance of vascular endothelial cells and can mediate vascular regeneration and vascular remodeling in the state of disease.[@b31-dddt-12-3847] In this study, the Notch signal after acute severe brain injury was activated, and Notch inhibitors can decrease the ADC value and attenuate the vasogenic cerebral edema in rats with severe brain injury. This led to the hypothesis that Notch signal may be involved in the dysfunction of cerebral vascular endothelial cells in acute severe brain trauma, thus inducing the occurrence of cerebral edema. Further to the related mechanism, DAPT inhibits NOX2 expression and the level of ROS, giving NOX2 inhibitor treatment, decreased the ROS, ADC values also dropped ([Figures 3](#f3-dddt-12-3847){ref-type="fig"} and [4](#f4-dddt-12-3847){ref-type="fig"}), and NSS were attenuated in severe TBI animals ([Figure 4](#f4-dddt-12-3847){ref-type="fig"}) suggests that NOX2-ROS production is the main factor lead to increased ADC after severe brain trauma, NOX2-ROS can also be considered as one of the main factors that leading to secondary brain edema of severe brain trauma. Research has shown that increased ROS generation is one of the important mechanisms of secondary damage injury of TBI; NOX2 is the main source of ROS produced in the brain,[@b32-dddt-12-3847] and therefore this paper assumes that NOX2 after TBI is one of the main sources of ROS. DPI can inhibit the activity of NADPH enzyme, nitric oxide synthase, xanthine oxidase, and NADPH CYP/CYP450 oxidoreductase. DPI is often used to inhibit the production of ROS mediated by various flavoenzyme. Studies have shown that DPI is a classic effective inhibitor of NOX2. In many studies, DPI is used as the inhibitor of NOX2.[@b33-dddt-12-3847] Therefore, DPI was also selected as the inhibitor of NOX2 in this study. Notch signal inhibitor DAPT can inhibit the NOX2 protein expression in rats with severe brain trauma, reduce NOX2 producing ROS, and thus reduce the ADC values of rats, thus attenuating vasogenic cerebral edema after traumatic brain edema, which can improve the outcome after secondary brain injury. The Notch signaling pathway is closely associated with various subtypes of NADPH and ROS. Some studies have shown that the Notch signaling pathway is involved in oxidative stress injury of renal ischemia reperfusion and oxidative stress in vascular endothelium.[@b34-dddt-12-3847] In the hepatic ischemia reperfusion injury, the ROS level is controlled by Notch signals. In human umbilical vein endothelial cells, Notch signaling pathway regulates NOX4 level.[@b35-dddt-12-3847] In this study, we found that Notch signal and NOX2-ROS expression were higher after TBI, inhibiting the Notch signaling pathway could induce NOX2-ROS expression to decrease obviously, and shows that in acute phase of TBI NOX2-ROS is controlled by the Notch signal. The inhibition of Notch signaling pathway can inhibit the production of NOX2-ROS, thus reducing level of the ADC value, and attenuate the vascular cerebral edema after trauma, thus alleviating secondary injury after TBI.

Conclusion
==========

fMRI can judge the early edema state of severe TBI through the ADC values. DAPT Notch signal inhibitors can inhibit NOX2-ROS generation, reduce the ADC values, relieve cerebral edema, and improve nerve function.
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![Evaluation of ADC and CBF in TBI animals using fMRI.\
**Notes:** (**A**) DWI; (**B**) imaging of ADC; (**C**) imaging of CBF; (**D**) evaluation of ADC at 24 hours after TBI; (**E**) evaluation of CBF at 24 hours after TBI. \*\**P*\<0.01 vs control group; ^\#\#^*P*\<0.01 vs severe TBI groups; ^∇∇^*P*\<0.01 vs severe TBI + vehicle groups.\
**Abbreviations:** ADC, apparent diffusion coefficient; CBF, cerebral blood flow; DWI, diffusion-weighted imaging; TBI, traumatic brain injury.](dddt-12-3847Fig1){#f1-dddt-12-3847}

![Evaluation of neurological function.\
**Notes:** NSS of TBI animals. \*\**P*\<0.01 vs control group; ^\#^*P*\<0.05 vs severe TBI groups; ^∇^*P*\<0.05 vs severe TBI + vehicle groups.\
**Abbreviations:** NSS, Neurological Severity Score; TBI, traumatic brain injury.](dddt-12-3847Fig2){#f2-dddt-12-3847}

![Effects of DAPT and DPI on Notch signaling and NOX2.\
**Notes:** Representative blots (**A**) and relative expression (**B**) to GAPDH of NICD, Hes1, Hes5, and NOX2 in all groups. \*\**P*\<0.01 vs control group; ^\#^*P*\<0.05 vs severe TBI groups; ^\#\#^*P*\<0.01 vs severe TBI groups; ^∇^*P*\<0.05 vs severe TBI + vehicle groups; ^∇∇^*P*\<0.01 vs severe TBI + vehicle groups. Molecular weight for NOX2 blot is 55 kD, GAPDH is 37 kD, NICD is 120 kD, Hes1 is 30 kD, and Hes5 is 41 kD.\
**Abbreviation:** TBI, traumatic brain injury.](dddt-12-3847Fig3){#f3-dddt-12-3847}

![Severe TBI induced oxidative stress in brain.\
**Notes:** ROS levels in brain. \*\**P*\<0.01 vs control group; ^\#\#^*P*\<0.01 vs severe TBI groups; ^∇∇^*P*\<0.01 vs severe TBI + vehicle groups.\
**Abbreviation:** TBI, traumatic brain injury.](dddt-12-3847Fig4){#f4-dddt-12-3847}
